Barium titanate (BaTiO 3 ) powders with particle sizes about 50 nm in diameter were synthesized using a hydrothermal route. The powders were characterized using various experimental techniques such as XRD, TEM and Raman spectroscopy, and they showed a good crystallinity and homogeneity without heat treatments. Also, Raman spectra showed the presence of the tetragonal phase. In addition, various calcination treatments were made to BaTiO 3 powders with the purpose to improve their ferroelectric properties. In general, calcination treatments improved the crystallinity and homogeneity of the samples considerably but did not modify the internal structure of the BaTiO 3 , which was observed in the Raman spectra. On the other hand, from theoretical calculations were established that the cubic phase should be better dielectric in comparison with the tetragonal phase, but this latter would have better optical properties. However, experimental evidences are indicative that the cubic phase would predominate in the synthesis of the compound.
INTRODUCTION
Interest in the synthesis of nanoparticles of ferroelectric materials has been on the increase over time due to the need for miniaturization of electronic devices thanks to the technology industry. Barium titanate (BTO) is one of the materials being investigated for this purpose, owing to its ferroelectric properties such as high dielectric constant and large polarization per unit cell that arises from an asymmetric displacement of oxygen and titanium ions along the polar axis. This results in a net dipole moment, which depends directly on the extension that has distorted the axes in the tetragonal phase. This distortion is small (approximately 1% ((c-a)/a), and therefore, a fine structural characterization is crucial, especially considering the fact that the ferroelectric polarization in BTO decreases with the decreasing particle size [1] [2] [3] . X-ray diffraction is often used to structurally characterize areas of particles as it is ideal for differentiating phase changes in compounds such as BTO. However, this technique is unsuitable for the characterization of very small particles due to the extensive broadening of Bragg reflections. Also, this technique is not very sensitive to transitions which involve displacement of oxygen [4] . The characterization techniques based on the crystal symmetry, such as the Raman spectroscopy can detect crystallographic distortions and defects at the molecular level [5] . In the case of BTO it has been demonstrated theoretically that the technique is able to detect distortions in the order of 0.5 pm [6] .
For the synthesis of a pure, homogeneous and nanometric level of BTO, wet chemical routes have been used, which have huge economic advantages over the conventional manufacturing methods (solid-solid reaction) [7] [8] [9] . As an alternative, Raman spectroscopy is a powerful experimental tool for studying the lattice vibrations and other elementary excitations in materials, providing important information about the structure, composition, strain, defects, and phase transitions. The Raman spectra of the BTO nanoparticles can detect the presence of tetragonal phase of particles as small as those between 20 to 150 nm [10, 11] .
Busca et al. [12] reported a distortion of the TiO 6 octahedron in the cubic BTO phase inducing a pseudotetragonality of the cubic phase. This could explain the significantly lower symmetry with respect to a cubic perovskite structure, similar to that of the tetragonal BTO.
Taking into account the benefits of wet routes for the synthesis of e-mail: lpadilla@uantof.cl BTO and a high sensitivity to the symmetry of Raman spectroscopy as was established in a previous paper [6] , the goal of the present work is to study the BTO nanoparticles obtained by the sol-gel hydrothermal synthesis method, as well as to study the changes in the nanoparticles and their effects at different times and calcination temperatures, characterizing them by means of various experimental techniques, such as XRD and TEM, and fundamentally by means of Raman spectroscopy. In addition, from theoretical calculations the electronic structure will be obtained for both, tetragonal and cubic phases, to establish general properties that characterize both phases.
EXPERIMENTAL
Nanocrystalline BTO powders were prepared by a sol-gel-hydrothermal reaction of TiCl 4 and a BaCl 2 solution in an oxygen atmosphere. The colloidal mixed solution was transferred into a 500 mL Teflon-lined stainless autoclave and heated at two temperatures (180 and 220 ºC) for 3 and 24 h under an oxygen partial pressure of 60 bar. At the end of the reaction, the autoclave was naturally cooled to room temperature. The as-formed solid white powder attached to the bottom and inner wall of the Teflon container was collected, centrifuged, washed with distilled water and ethanol to remove remaining ions, and dried at 60 ºC for 6 h under vacuum. For all samples, the calcination treatment was performed at 250, 300, 350, 400, and 500 ºC for 3, 6, and 12 h, respectively at the rate of 10°/min.
The samples obtained were analyzed by X-ray diffraction (XRD) using a Siemens D5000 diffractometer with CuK a radiation (40 kV, 30 mA). Transmission electron microscopy (TEM) studies were performed in a Tencai F20 FEG-TEM operated at 200 kV, equipped with an EDS detector. The TEM samples were ultrasonically dispersed in isopropanol and then collected in a carbon grid. The Raman spectra were recorded on a WITEC model CRC200, using a 5.5 mW laser with a wavelength of 514.5 nm. are apparently stabilized in the cubic phase at room temperature. In addition, with an increase in the reaction time, i.e. at 24 h, all the peaks became much sharper than at 3 h in the diffractogram. The XRD patterns of the calcined samples are not shown because they did not show any significant changes in the crystallinity. Figure 2a and the inset) . The TEM image of the calcined samples at 300 ºC for 12 h is shown in Figure  2b and the inset. In addition, the image indicates that coarser faceted particles are apparent in the powder with calcinations and a bimodal distribution of larger faceted particles presents an increase of the particle size about 65 nm. This result indicates that most of the crystallites of BTO adhere together and form large particles. Nearly all particles are elliptical in shape, well dispersed with a slight agglomeration.
RESULTS AND DISCUSSION
BTO single crystals at room temperature have a tetragonal perovskite structure (space group P4mm) with one formula unit per unit cell. Only below the Curie point, near 120 ºC, does BTO become ferroelectric. During the interval of 120-1460 ºC, BTO monocrystals take the paraelectric cubic perovskite structure (space group Pm3m).
As it is known, Raman spectroscopy is a highly sensitive technique to probe the local structure of BTO samples [6, 13, 14] . Figure 3 shows the Raman spectra of BTO samples under different times of calcination. This heat treatment raises the temperature and allowed to decompose impurities from the synthesis (e.g., BaCO 3 ), structural defects and oxygen vacancies. Therefore, BTO samples were calcinated to improve the crystallinity, homogeneity and purity of the synthesized samples. Raman results of all samples prepared under calcinations (Figure 3 a, b . The appearance of strong Raman peaks near 307 cm -1 (B1 mode) that corresponds to tetragonal BTO phase is contradictory with the cubic symmetry observed in the XRD analysis, for which no first-order Raman activity is expected. This apparent contradiction was resolved in our previous work [6] where we showed using theoretical calculation within the Density Functional Theory framework that the Raman spectroscopy is a technique highly sensitive to the molecular level, being able to detect distortion about 0.5 pm in the crystalline structure of BTO.
A more exhaustive analysis of Raman spectra in Figure 3 shows slight differences between them, indicating that the uncalcined samples are fairly homogeneous and crystalline and the calcinations did not modify the internal structure of the BTO which is reflected in the spectra. The most significant increase in the intensity of the band at 307 cm -1 is shown in Figure 3b . In general, the peaks are sharper at low temperatures, and begin to widen with increasing temperatures. This would either indicate that there are particles belonging to cubic phase or denote small structural defects. With the help of thermal activation of these crystals, the particles quickly approached the tetragonal phase. As the temperature is rising, the nucleation process prevents the cubic phase transition to tetragonal and generates a low-symmetry cubic phase.
Theoretical calculations
To characterize the cubic and tetragonal phases of BTO, we proceeded to carry out quantum chemical calculations to obtain the electronic structure and density of state, local and total, in both phases. To simulate both phases the cluster methodology [15] [16] [17] [18] was used, i.e., a finite number of atoms were used to represent the different phases. The cluster consisted in eight unit cells, representing to both phases. Crystallographic data were used to build the cubic and tetragonal clusters reported in the literature [14, 19] . Electronic properties have been calculated by solving the Kohn-Sham equations in an atomic basis set formed by Gaussian functions. The calculations have been done using the B3LYP exchange correlation functional [20] [21] [22] [23] , which is of the hydrid type. For titanium and oxygen atoms the 6-31G basis set [24, 25] has been used. For barium atoms the pseudopotential of the Los Alamos group [26] with a corresponding basis set has been used. The pseudopotential replaces 54 core electrons thus only two valence electrons are considered. All calculations were done using the Gaussian 09 program [27] . 
RESULTS AND DISCUSSION
Density of states for cubic and tetragonal phases is shown in Fig. 4 . The percentage of elemental contribution is shown in Table 1 . The analysis of the density of states show that in the cubic phase the main contributions in the valence band (VB) are oxygen and barium atoms (about 37%) following by the Ti atom. In change, in the tetragonal phase the main contributions are Ba (about 48%), following by Ti and O atoms. For the conduction band (CB) the main contribution in both phases is the Ba atom, about 75% and 77% for cubic and tetragonal phases, respectively. The above results are indicative, in general, that the transition of the cubic phase to the tetragonal phase favors the contribution of the Ba atom to the VB without affecting the CB. In Table 2 are displayed the percentage of elemental contribution at the top and background of the VB and CB, respectively. As we can see the main contribution at the top of the BV is the O atom (about 95%) in the cubic phase. In change, in the tetragonal phase the O contribution decrease at about 42% in comparison to the cubic phase, increasing the contribution of the Ba atom at about 47%. For the CB the main contribution is the Ba atom (higher than 83%) for both phases.
The theoretical gap (energy difference among the VB and the CB) for cubic phase was 3.42 eV, which is according to the experimental value of 3.4 eV [28] . The theoretical gap for the tetragonal phase decrease to about 1.50 eV. These results are indicative that dielectric properties could decrease in the latter phase.
In a recent work [29] was shown that the tetragonal distortion does not change significantly the charge distribution neither the energetic stability of the compound. Thus, the theoretical calculation are indicating that tetragonal distortion tend to modify the optical and dielectric properties of the compound, affecting mainly the gap of the compound changing the elemental contribution in the VB, while the CB is not affected. 
CONCLUSIONS
Barium titanate (BTO) powders with particle sizes about 50 nm in diameter were synthesized using a sol-gel-hydrothermal process. The analysis of powders by means of experimental techniques such as XRD, TEM, and Raman spectroscopy showed a good crystallinity and homogeneity of the samples without heat treatments. Raman spectra showed the presence of the tetragonal phase, in contrast with the XRD results that showed only the presence of a cubic phase. However, this controversy was solved in a previous work [6] , where it was established that Raman spectroscopy is a sensitive technique and is able to detect small distortions in the crystalline structure of the BTO and, the active mode to 307 cm -1 can be used to detect the presence of the tetragonal phase. In addition, various calcination treatments were made to BTO powders with the purpose to improve their ferroelectric properties. In general, the calcinations improved the crystallinity and homogeneity of the samples considerably but did not modify the internal structure of the BTO, which was observed in the Raman spectra. On the other hand, theoretical calculations showed that tetragonal phase has a minor gap in comparison to the cubic phase, indicating that the latter phase would have better dielectric properties than the former. However, the gap value determined experimentally and XRD results were according with a cubic phase, suggesting that this latter phase is present in high percentage in the synthesis of the compound. The latter result is agreement with that found by Ciftci et al. [30] .
